Nodular defects in multi-layer dielectric coatings have been computer modeled to characterize the electro-mechanical responses to laser pulses with wavelengths of 1 .06 im and pulse lengths between 1 and 20 ns. The simulation begins with an axisymmetric electric field model using AMOS[12}, a full-wave Maxwell solver with lossy (dispersive) electric and magnetic material models. Electric fields calculated by this code determine the spatial distribution of absorbed laser energy in the vicinity of the nodule. This data is linked to a thermal/stress model and mechanical calculations are executed using the general purpose finite element code COSMOS/M.[3] The simulation estimates the transient temperature response of the nodule and the surrounding medium and predicts the dynamic stresses caused by the thermal impulse. This integrated computer process has been exercised to characterize failure of nodules as a function of defect characteristics, including seed size and depth.
1, INTRODUCTION
Nodular defects in SiOJHfO2 multi-layer, high-reflectivity coatings have been identified as critical elements in determining laser damage thresholds. Scanning electron micrographs made by Tench et al. [4] have indicated that micron-sized seeds of Hf02 can be spattered onto the mirror surface during the electron beam vaporization process. This forms a discontinuity in the coating stack that disrupts the electric field distribution, resulting in localized electric field enhancements in the vicinity of the nodule.
[5] For laser pulses between 1 and 20 ns this results in significantjoule heating of the localized region. Since the materials involved are dielectric the heat absorption is not primarily at the surface of the defect seed as it would be for a metal inclusion. Instead more complex distributions develop which can cause multiple intensity peaks both in and around the seed. Since we seek to understand failure of the coating we must calculate the stresses that are developed by the rapid expansion of material caused by the thermal impulse. This requires coupling the time dependent temperature profile with a structural model capable of simulating the dynamic displacements and stresses. In this paper we report on initial results of computer modeling that simulate this complex interaction of electric field, temperature and stress responses of idealized nodular defects. The overall goal is to develop a tool that will enable us to better understand coating failure mechanisms and extrapolate results to other coating designs and laser exposure conditions.
MODELING TECHNIQUE
The nodule geometry that was used in all of the analyses is shown in Fig. 1 . The coating is assumed to be a 23-layer, quarter-wave stack of Hf02 and Si02 and contains a seed that is idealized as an Hf02 sphere located below the surface of the coating stack. The size of the seed and depth below the surface were treated as variables with values ranging from 0.25 -1 .5 im and 1 .0 -3.0 im, respectively. The shape of the nodule is defined as the shape of the discontinuity in the coating caused by the seed and follows the relationship We have employed two computer codes, AMOS and COSMOS/M, to simulate the coupled electromechanical responses. AMOS is a full-wave Maxwell solver with lossy (dispersive) electric and magnetic material models which will calculate the electric field distribution in a coating with arbitrary geometry and material properties. COSMOS/M is a general purpose finite element code capable of simulating the mechanical response of two-dimensional axisymmetric or full 3-dimensional structures. For our problem, the COSMOS! M model calculates both the temperatures and stresses caused by a temporally varying heat deposition that is spatially non-uniform. Inertial effects caused by the rapid expansion of material and the relative densities and stiffness of the seed and coating layers are simulated.
The complete AMOS computer model, shown in Fig. 2 , simulates the nodular defect and the coating layers over an area much larger than just the nodule. This was done to prevent spurious boundary effects from contaminating the data in the region around the defect. The simulation is axisymmetric (cylindrical 334 / SPIE Vol. 2428 coordinates) and uses a regular grid of 200,000 cells which is used to represent the geometry in Fig. 2 The COSMOS/M computer model is shown in Fig. 3 . It is also an axisymmetric simulation consisting of 1680 elements and 1767 nodes. Each of the 23 dielectric layers are modeled as well as part, but not all, of the BK7 substrate. The volume of material modeled is much greater than the size of the nodule so as to minimize the spurious effects of pressure waves reflecting off of the artificial boundaries of the model and distorting the stresses in the vicinity of the seed. The density of nodes and elements in the region of the seed is much higher than the surrounding area to improve accuracy in the area of interest. The analysis technique that we employed is a four step process shown in Fig. 4 . The AMOS model is first executed to determine the spatial distribution of electric field within the nodule. This result is then transformed into the heat generation terms required by COSMOSIM. To do this a transformation code has been written which receives the element description and electric field information from AMOS, squares the electric field values and then multiplies these values by the loss tangent of the appropriate material to obtain the energy loss for each element in the model. It then takes model geometry information from COSMOSIM and transforms the AMOS energy loss data to heat generation values for each COSMOSIM element. With these heat generation terms the COSMOSIM model is run to determine the transient temperature profile. Subsequently, temperatures are transferred to the COSMOSIM structural model where the transient stresses are finally calculated. Within COSMOSIM the heat generation terms are multiplied by a time-dependent function to simulate the temporal profile of the laser pulse. Square pulses were considered with three different pulse lengths, 1 ,5 and 10 ns. In addition, we also considered a temporally varying pulse, Fig. 5 , to exercise the capability of the technique to simulate a more complex input function. In all cases the amplitude of each time curve was adjusted so that the total energy deposited was the same. This enables a valid relative comparison of the temperatures and stresses between laser pulses with different pulse lengths.
3, RESULTS Figure 6 shows a gray scale contour plot of the electric field for a nodule with a seed diameter of 0.73 im and a seed depth of 1 .97 tim. Multiple, high-intensity peaks caused by the superposition of the reflected electric field waves in the vicinity of the seed are generated along the axis of the model for the normal incidence models studied. For this particular geometry four peaks are generated, one near the center of the seed and three others located both above and below the seed. This data is highlighted in the lineout of the electric field data passing through the central axis of the nodule, Fig. 6 . The E-field has been squared and multiplied by the loss tangent to obtain a plot proportional to the energy absorption. Each peak has a width of about 0.4 tm or less. The degree to which thermal diffusion will effect the peak temperature is dependent on the width of these spikes; diffusion will be more important at smaller widths.
L E-field enhancements The temperature profile corresponding to this electric field distribution at time 5 ns after the start of the pulse is shown in Fig. 7 . Four discrete peaks are still dominant although diffusion has smeared the profile and eliminated each of the closely spaced double peaks. To quantitatively see the effects of diffusion we plot the temporal response of several nodes in the model in Fig. 7 . The results have been normalizes so that the temperature rise at the center of the seed is equal to 1 . If there is no diffusion then the seed's adiabatic temperature rise is easily calculated knowing the heat absorption and the heat capacitance of the seed. We calculate that the peak temperature rise would be about 20% greater if this were the case. The effect of diffusion is depicted in the graph as the linear temperature rise peaking at a value of 1 The localized hot spots will cause affected regions to expand rapidly resulting in areas of high compressive stress surrounded by thin layers of tensile stress. Failure will occur when these tensile stresses exceed the fracture strength of the material. In the deformed shape plot of Fig. 9 we see in exaggerated detail the expanded areas corresponding to the four temperature peaks of Fig. 7 . This expansion, however, is complicated by the fact that Hf02 has a thermal expansion coefficient and a modulus of elasticity which is much greater than Si02. As a result, we see the Hf02 coating layers expanding and pinching the Si02 layers which are located in between. The resulting stress contours, Fig. 10 , depict the complex stress distribution that results. The highest tensile stresses are located around the seed and at the surface of the nodule along the model centerline. Fracture of the nodule would be initiated at either of these two locations.
The dependency of both maximum temperature rise and maximum tensile stress on pulse length has also been quantified, Fig. 1 1 . Temperature rise, as expected, is larger for shorter laser pulse lengths because heat does not have as much time to dissipate during energy deposition. This sensitivity, however, does not vary significantly for all of the seed size and depth cases considered. The dependence can be approximated by r°2, where t = pulse length. Maximum stress follows a much stronger dependence, about t04. Dynamic inertial effects and relative stiffness of the materials involved account for this significant difference.
Also shown in Fig. 1 1 is the maximum temperature rise and tensile stress calculated for the time varying laser pulse defined in Fig. 5 . Seed diameter and depth for this calculation were 0.73 and 1 .97 .tm, respectively. For this particular geometry the nodule responds to the pulse as if the pulse was temporally flat with the same total energy and a pulse length of about 8 ns. 1) An axisymmetric nodular defect causes significant electric field enhancements along its centerline.
Peak field intensities may or may not occur in the seed depending upon the size of the seed and the distance of the seed from the surface of the coating. The width of the peaks and their location are important factors in determining the temperature rise of the heated material.
2) The maximum temperature rise and maximum tensile stress in a nodule exposed to a square laser pulse have a different dependence on pulse length, t: maximum temperature rise is proportional to t02 maximum tensile stress is proportional to t04.
3) Nodules that are shallow and have a seed size of about 1 tm will develop the highest temperatures and stresses. Seed sizes less than 0.25 im have reduced electric field enhancements and lower temperatures. Eliminating seeds in nodules greater than this size would significantly improve the capability of the defect to resist laser damage.
4) The analytical technique that has been assembled is proving to be a powerful method for studying the electro/mechanical behavior of nodular defects. Future analyses will be directed towards studying the sensitivity of the results to material properties and other system variables. [7] N. K. Madsen, "Divergence preserving discrete surface integral methods for Maxwell's equations using non-othogonal unstructured grids," Lawrence Livermore National Laboratory Report, UCRL-JC-109787 (1992).
DISCUSSION
Q Did you try using the model with different optical constants?
A We have not yet done that. That is one of the many lists of parameters which we would like to change in the model and determine the sensitivity to. We haven't shown any absolute results. All of our results have been relative to our baseline case. What we plan to do is to vary the material parameters and geometries over a reasonable range and see how those results change as a function of those different parameters.
Q Considering the detail with which you have modelled this process have you included a temperature dependent thermal conductivity?
A We have not yet done that and it will be important to include that effect in the weeks to come.
Q There is previous work in the literature that discusses the effect of the nodule impurity size. Much of the earlier work that was done was started because of the effect of platinum inclusions in glass. If the particle is too small it does not intercept enough energy so the temperature does not rise. If it is too massive it then has a sufficient volume to keep the temperature down. There is some critical size and it is dependent on the wavelength, pulse length and the properties of the material.
A The problem is similar but it is also different. Instead of platinum we now have a dielectric so we will not have the same distribution of energy absorption around that seed. Remember that here we are not correlating to the size of the particle that initiated the absorption. It is a totally geometrical effect that determines where the intensity of the light is the highest. We are not basing the analysis on the absorption coefficient of the material. We are solving Maxwell's equations to find where the peak intensity is and how broad the peak is. As the diameter of the seed increased the temperature dependence of the pulse length did not change appreciably in our results so far. What the effect is dependent on is the volume over which the energy is deposited, not the seed size. The volume is dependent on the wavelength and the thickness of the layer stacks.
Q How good do you think the assumptions are concerning the conductivity in the region of dislocation around the nodule?
A Mark gave me a paper on some material properties of thin films. The two material properties that I included in the model for the less than perfectly dense material were Young's Modulus and the thermal conductivity. All of the other parameters are for fully dense material. We understand that is not the perfect answer and in the weeks to come we intend to vary the material properties over a range to see how these effects will change.
Q In your temperature against depth profiles there appeared to be only 4 or 5 nodal points. That occurred in spite of the fact that you had a 21 layer stack. Can you give me a quick qualitative reason of why there are so few nodal points?
A The temperature distribution is closely proportional to the electric field. That depends on the distribution of the reflection of refraction of the waves that are bouncing off of the seed. For the geometries that we looked at they added in such a way that one got the 4 or so spikes that I pointed out. Different geometries produce different distributions though. It just depends on where the seed is and how the fields act.
